In recent years, for the purpose of solving the problem regarding environment protection and resource saving, certain measures and policies have been promoted to establish a reverse supply chains (RSCs) with material flows from collection of used products to reuse the recycled parts in production of products. It is necessary to analyze behaviors of RSC members to determine the optimal operation. This paper discusses a RSC with a retailer and a manufacturer and verifies the behavior strategies of RSC members which may change over time in response to changes parameters related to the recycling promotion activity in RSC. A retailer takes two behaviors: cooperation/non-cooperation in recycling promotion activity. A manufacturer takes two behaviors: monitoring/non-monitoring of behaviors of the retailer. Evolutionary game theory combining the evolutionary theory of Darwin with game theory is adopted to clarify analytically evolutionary outcomes driven by a change in each behavior of RSC members over time. The evolutionary stable strategies (ESSs) for RSC members' behaviors are derived by using the replicator dynamics. The analysis numerically demonstrates how parameters of the recycling promotion activity: (i) sale promotion cost, (ii) monitoring cost, (iii) compensation and (iv) penalty cost affect the judgment of ESSs of behaviors of RSC members.
INTRODUCTION
As the social concern regarding the environment problem is growing worldwide, the concept of a new supply chain management has been important in optimally controlling a supply chain which incorporates reverse chains/logistics into traditional forward chains/logistics. The traditional forward chains/logistics construct the flows from procurement of new materials through production of new products to sell them. The reverse chains/logistics are composed of the flows from collection of used products through recycling parts from the used products to reuse the recycled parts (Aras et al., 2004; Behret and Korugan, 2009; Ferguson et al., 2009; Fleischman et al, 1997; Guide and Wassenhove, 2001; Inderfurth, 2005; Konstantaras et al., 2010; Mukhopadhyay and Ma, 2009; Nenes et al., 2010; Pokharel and Liang, 2012; Teunter and Flapper, 2011; Wei et al., 2011; Wu, 2012 , Watanabe et al., 2013 , Watanabe and Kusukawa, 2014 . Also, a supply chain which organizes the forward chains and the reverse chains has been called as a closed-supply chain, a reverse supply chain or a green supply chain (Bakal and Akcali, 2006; Barari et al., 2012 , Fleischman et al., 1997 Guide et al., 2003; Inderfurth, 2005; Kaya, 2010; Lee et al., 2011; Shi et al., 2010 Shi et al., , 2011 Tagaras and Zikopoulos, 2008; Thierry et al., 1995; Van Wassenhove and Zikopoulos, 2010; Watanabe et al., 2013 , Watanabe and Kusukawa, 2014 , Wei et al., 2012 Yan and Sun, 2012; Tagaras, 2007, 2008) . In this paper, a supply chain which has the forward chains and the reverse chains is called as a reverse supply chain (RSC). The manufacturing to reuse parts recycled from used products is called the remanufacturing.
It is necessary to take some measures and policies in order to promote 3R activities (Reuse-Recycle-Reduce) in a RSC. Several previous papers have dealt with the optimal operations for a RSC, and the uncertainty in remanufacturing has been attracting more attention in recent papers. The incorporation of the uncertainty in demands of products/parts and collection quantity of used products into a RSC has been discussed by Inderfurth (2005) , Lee et al. (2011) , Mukhopadhyay and Ma (2009) , Shi et al. (2010 Shi et al. ( , 2011 , and Wei et al. (2011) . The incorporation of the price-sensitivity in collection quantity of used products and demands of products/parts into the optimal tactical production planning RSC has been discussed by Bakal and Akcali (2006) , Pokharel and Liang (2012) , Shi et al. (2010) , Teunter and Flapper (2011) , Wei et al. (2012) , and Yan and Sun (2012) . Also, the impacts of inspection and sorting of used products on the optimal production planning in a RSC have been discussed by Aras et al. (2004) , Behret and Korugan (2009) , Ferguson et al. (2009) , Guide et al. (2003) , Konstantaras et al. (2010) , Nenes et al. (2010) , Tagaras and Zikopoulos (2008) , Van Wassenhove and Zikopoulos (2010) , and Tagaras (2007, 2008) .
When a RSC is operated, it is necessary to consider a variety of qualities of used products collected from either a market or customers. Some authors have discussed the optimal production planning by incorporating uncertainty in quality of used products into the RSC. Aras et al. (2004) discussed the issue of the stochastic nature of product returns and found conditions to clarify which quality-based categorization was the most cost effective. Zikopoulos and Tagaras (2007) verified how the profitability of reuse activity was affected by uncertainty regarding the quality of returned products in two collection sites and found the unique optimal solution (quantities of procurement and production). In Guide et al. (2003) and Ferguson et al. (2009) , returned products were assumed to have N quality categories, and the procurement prices and the remanufacturing costs were different based on the corresponding quality level. Behret and Korugan (2009) discussed a remanufacturing stage with uncertainties in qualities of remanufacturing products, return rates, and return times of returned products. After returned products were classified under the uncertainty in quality, remanufacturing processing times, material recovery rates, the remanufacturing costs, and disposal costs were optimized by using the ARENA simulation program. Mukhopadhyay and Ma (2009) discussed a RSC which consists of a retailer who sold a single products and a manufacturer who collected used products from a market, remanufactured a single parts from the used products and then produced a single products. Here, two situations were assumed for the remanufacturing ratio between reuse parts and used products: a constant situation and an uncertain situation. Under each situation, the optimal production strategy was proposed for the procurement quantity of the used products, the remanufacturing quantity of parts from the used products and the production quantity of new parts from new materials. Nenes et al. (2010) reported that both quality and quantity of returns (used products) were unfortunately highly stochastic, and found the optimal policy for the order quantity of a single new products and the remanufacturing quantity of a single products so as to optimize the companies' performance, such as minimizing the companies' expected cost or maximizing the companies' expected profit. Teunter and Flapper (2011) verified how quality of cores (i.e., products supplied for remanufacturing) could vary significantly, affecting the cost of remanufacturing, and derived the optimal policies for acquisition and remanufacturing for both deterministic and uncertain demand. Kaya (2010) focused on a RSC which consisted of a retailer who collected used products from customers and sold a single products and a manufacturer who remanufactured parts from the used products and produced the products. The optimal decisions were proposed for collection incentive of used products and production quantities of both remanufacturing parts and new parts.
Also, it is necessary to decide the optimal operations to establish a RSC in order to obtain its profitability. In a decentralized RSC, members in the RSC decide the optimal operations to maximize their profits. As one of the optimal decision-making approaches under a decentralized RSC, the Stackelberg game has been adopted in several previous papers. In the Stackelberg game, there is a single leader of the decision-making and a single (multiple) follower (s) of the decision-making of the leader. The leader of the decision-making determines the optimal strategy so as to maximize the leader's (expected) profit. The follower(s) of the decision-making determine(s) the optimal strategy so as to maximize the follower(s)'s (expected) profit under the optimal strategy determined by the leader of the decision-making (Aust and Buscher, 2012; Berr, 2011; Cachon and Netessine, 2004; Cai et al., 2009; Esmaeili and Zeephongsekul, 2010; Hu et al., 2011; Lee et al., 2011; Leng and Parlar, 2009; Liu et al., 2012; Mukhopadhyay et al., 2011; Xu et al., 2012; Yan and Sun, 2012) .
Here, in supply chain management, the optimal decision under an integrated supply chain maximizing the whole supply chain's expected profit can bring the more expected profit to the whole supply chain than that under a decentralized supply chain maximizing the expected profit of each member in a supply chain. So, from the aspect of the total optimization in supply chain management, it is preferable for all members in a supply chain to shift the optimal decision under an integrated supply chain. However, note that it is the absolute requirement for all members under an integrated supply chain to bring the more expected profits to all of them than those under a decentralized supply chain. For the purposed of achievement of the increases in profits of all members under an integrated supply chain, a variety of supply chain coordination approaches between all members in a supply chain have been discussed by Cachon and Netessine (2004) , Du et al. (2011 ), Kaya (2010 , Tsay et al. (1999) , Wei et al. (2012) , Wu (2012) , Yan and Sun (2012) , and Yano and Gilbert (2004) .
The incorporation of the game theory into not only the optimal pricing strategy, but also the supply chain coordination in a RSC has been discussed by Du et al. (2011 ), Kaya (2010 , Wei et al. (2012) , Wu (2012) , and Yan and Sun (2012) . Here, it is necessary to analyze members' behaviors in both a supply chain (SC) and a RSC to determine the optimal operation for those SCs. In general, the game theory is used to analyze members' behaviors in both a supply chain (SC) and a RSC. The orthodox game theory usually assumes that members in a SC/RSC can share correctly the following information: (i) each other's defined rule of game; (ii) common and full knowledge of rationality; (iii) the preference of each other's behavior; (iv) the optimal action of each other under rational situation.
However, in reality, all assumptions mentioned above may not be held between members in a SC/RSC (Zhou and Deng, 2006; Zhu and Dou, 2007; Yu et al., 2009; Xiao and Chen, 2009; Barari, et al., 2012) . The behavior strategies of members in a SC/RSC may change over time due to changes of members' situations such as cost parameters and the quantities of their transactions (Zhou and Deng, 2006; Zhu and Dou, 2007; Yu et al., 2009; Xiao and Chen, 2009; Barari, et al., 2012) . Under above situations, the evolutionary game theory, which combines the evolutionary theory by Darwin with the game theory, has become a powerful integrated tool to analyze the evolutionary processes/members' outcomes which are driven by changes in members' behaviors.
Regarding a SC, some previous papers have dealt with applications of the evolutionary game theory into the analysis of members' behaviors in a SC. Zhou and Deng (2006) discussed an asymmetric model of the evolutionary game between a retailer and a manufacturer with the asymmetric information regarding the retailer's sales promotion of products. The evolutionary stable strategies of the asymmetric model were obtained, using the replicator dynamic mechanism. Also, the different evolutionary stable strategies were analyzed by changing the values of system parameters in a SC. Yu et al. (2009) discussed a VMI supply chain consisting of an upstream supplier and a downstream buyer, and showed how to analyze the intrinsic evolutionary mechanism of the VMI supply chain by applying the evolutionary game theory with the replicator dynamic equation. The impact of system parameters in a SC without and with VMI on the evaluation of the evolutionary stable strategies was examined.
Regarding a RSC, some previous papers have dealt with applications of the evolutionary game theory into the analysis of members' behaviors in a RSC. Zhu and Dou (2007) discussed reverse supply chains (RSCs) consisting of governments and core enterprises, studied the game relationships between governments and core enterprises in RSCs. The respective costs and the respective benefits between them without and with the recycling activity in a RSC were analyzed, and established an evolutionary game model in the RSC. Different equilibrium results for the evolutionary game model were analyzed, and explored win-win ways between governments and core enterprises in RSCs. Here, the promotion activity to recycle the used products in a RSC is referred simply to the recycling promotion activity. However, neither the recycling promotion activity nor the cooperation of the recycling promotion activity between governments and core enterprises were discussed. The effects of the recycling promotion activity on both the collection quantity of used products and the product demand were not discussed. This previous study focused on only entities' costs and entities' incomes related to the recycling activity in a RSC. So, unless any recycling activity was operated, all entities' costs and entities' benefits resulted in 0. Barari et al. (2012) discussed a case study regarding a RSC consisting of one producer and one retailer, and verified the synergetic alliance between the environmental and commercial benefits by establishing coordination in the RSC by using evolutionary dynamics. Green financial burden sharing contract was considered between the producer and the consumer in the RSC. The degree of sales effort of products were considered for the retailer. The actual costs related to the recycling activity in the RSC were combined with the objective of the profit maximization for the entities in the RSC by using the evolutionary dynamics. Using the replicator dynamics equation, the equilibrium point was found by not only balancing the price with the green benefits of products, but also maximizing the entities' profit in the RSC. However, in this previous study, formulations of costs, incomes and profits related to entities with the recycling activity in a RSC were specialized as the conceptual framework for a case study regarding a specified RSC, and the property of the specified RSC was verified analytically by using the evolutionary dynamics.
Differently from the previous papers mentioned above, this paper focuses on the following issues: (1) Analysis of a RSC using the evolutionary dynamics and presentation of the evolutionary stable strategies (EESs) for behavior strategies of members in the RSC, (2) Analysis of the cooperation of the recycling promotion activity between members in the RSC by using concepts of compensation and penalty, (3) Analysis of the effect of the recycling promotion activity on both the collection quantity of used products and the product demand, (4) Formulations and analysis of the evolutionary dynamics by using costs, incomes and profits related to members in the RSC in mathematical expressions as to both without/with and monitoring/non-monitoring the recycling promotion activity in behavior strategies of members in the RSC. This paper focuses on the optimal operation for a RSC to encourage to collect and recycle a single type of used products, such as consumer electronics (mobile phone, personal computer), semiconductor and electronic component Guide and Jayaraman, 2000;  Analyzing the Evolutionary Stability for Behavior Strategies in Reverse Supply Chain Vol 14, No 1, March 2015 , pp.44-57, © 2015 KIIE 47 Guide and Van Wassenhove, 2001 Guide et al., 2003; Ferguson et al., 2009) under the uncertainties in product demand and quality of used products collected from customers. Concretely, this paper discusses a reverse supply chain (RSC) consisting of a retailer and a manufacturer as RSC members. In a RSC, the retailer hands the used products collected from customers over to a manufacturer. In this case, the retailer places an order for an order quantity of a single products to the manufacturer, corresponding to the product demand. Here, in this paper, the promotion activity to recycle the used products in a RSC is referred simply to the recycling promotion activity. A retailer takes one of the own two behavior strategies: [behavior strategy 1] cooperation in two types of the recycling promotion activity: (i) collection promotion activity of used products by paying an incentive to customers and (ii) sales promotion activity of the products including those reusing parts recycled from the used products or no collection promotion, [behavior strategy 2] non-cooperation in the recycling promotion activity. A manufacturer disassembles the used products, remanufactures a single parts and produces a single products reusing the recycled parts at a recycling rate and pays the compensation as a part of the retailer's incentive for collection of the used products based on the quantity of the recycled parts to the retailer. Here, the manufacturer takes one of the own two behavior strategies: [behavior strategy 1] monitoring of the retailer's the recycling promotion activity, [behavior strategy 2] non-monitoring of the retailer's the recycling promotion activity. Under the system operation of the RSC, this paper verifies the behavior strategies of members in the RSC. Here, the behavior strategies of RSC members may change over time in response to changes system parameters related to the recycling promotion activity in the RSC: (i) sale promotion cost, (ii) monitoring cost, (iii) compensation and (iv) penalty cost. The evolutionary game theory is adopted to clarify analytically the evolutionary outcomes driven by changes in members' behaviors in the RSC over time. The evolutionary stable strategies (ESSs) for RSC members' behaviors are derived by using the replicator dynamics. The analysis numerically verifies how four parameters related to the recycling promotion activity in the RSC, (i) sale promotion cost, (ii) monitoring cost, (iii) compensation and (iv) penalty cost, affect the judgment of ESSs of the behavior strategies of a retailer and a manufacturer in the RSC. The different ESSs for behavior strategies of both members in the RSC are analyzed by using the replicator dynamics through computer computation. The contribution of this paper is to provide the behavior strategies of members in a RSC analytically by using the evolutionary game theory, which combines the evolutionary theory by Darwin based on the replicator dynamics with the game theory. It is expected that the analytical outcomes in this paper can help to verify the behavior strategies of members in a RSC even if the behavior strategies of members in a RSC may change over time due to changes of members' situations such as cost parameters and the quantities of their transactions. Also, the analytical results are to provide (1) the optimal setting regarding parameters related to the recycling promotion activity in a RSC such as (i) sale promotion cost, (ii) monitoring cost, (iii) compensation and (iv) penalty cost, (2) the practices to construct and operate a RSC profitably and (3) the informative motivations for researchers and policymakers to manage a RSC profitably.
The rest of this paper is organized as follows: in Section 2, notation used here is defined. In Section 3, model descriptions: operational flows of a RSC and behavior strategies of a retailer and a manufacturer in a RSC are described. Section 4 formulates profits of members as to their behavior strategies in a RSC. Section 5 analyzes behavior strategies of members in a RSC by applying the evolutionary game theory based on the replicator dynamics into members' behavior analysis in a RSC. Section 6 shows the results of numerical analysis of the behavior strategies of members in a RSC by using the evolutionary game theory to illustrate managerial insights for the optimal operation of the RSC addressed in this paper. In Section 7, conclusions, managerial insights and future researches for this paper are summarized.
NOTATION
• Behavior strategies of a retailer and a manufacturer R 1 : cooperation in recycling promotion activity R 2 : non-cooperation in recycling promotion activity M 1 : monitoring of retailer's recycling promotion activity M 2 : non-monitoring of retailer's recycling promotion activity • System parameters in a RSC A : potential quantity of used products collected from customers t : the unit collection promotion cost (collection incentive) of used product when R 1 is taken by a retailer t 0 : the unit collection promotion cost (collection incentive) of used product when R 2 is taken by a retailer compensation per used product paid to a retailer from a manufacturer for the quantity of used products to recycle parts when R 1 is taken by a retailer R 0 : compensation per used product paid to a retailer from a manufacturer for the quantity of used products to recycle parts when R 2 is taken by a retailer c p : penalty cost which a retailer pays to a manufacturer when behavior strategy (R 2 , M 1 ) is taken by members in a RSC p : the unit sales price of a single products c t : the unit delivery cost of used products w : the unit wholesale price of a single products c : the unit production cost of a single products c a : disassembly and inspection cost per used product c r : the unit remanufacturing cost to produce a single parts from recyclable parts in used products c d : the unit disposal cost of un-recycled parts c n : the unit production cost of a single new parts
MODEL DESCRIPTIONS

Operational Flows of a RSC
A reverse supply chain (RSC) with a retailer and a manufacturer is considered. Also, it is assumed that a single products such as consumer electronics (mobile phone, personal computer) is produced and is sold in a market. Figure 1 shows the following operational flows of a RSC: (I) A retailer decides either to promote or not to promote the collection of used products from customers. The retailer collects used products from customers as to the own behavior strategy, and delivers the collection quantity of the used products at the unit cost c t to the manufacturer. Also, the retailer places an order with the manufacturer for a single products D. Here, it is assumed that the collection quantity of used products for the unit collection inventive is smaller than the retailer's order quantity D. (II) The manufacturer disassembles the used products, and inspects their quality at the unit cost c a . After that, the manufacturer remanufactures some of the recyclable parts at unit cost c r at a recycling rate r. All the un-recycled parts are disposed at the unit cost c d . (III) The manufacturer produces the required quantity of new parts at the unit cost c n if the quantity of the recycled parts is unsatisfied with the required quantity of parts for the order quantity of products D. (IV) The manufacturer produces the order quantity of products D at the unit cost c, and sells them to retailer at the unit wholesale price w. (V) The retailer decides either to promote or not to promote sale of products reusing the recycled parts at the cost c sp . Also, the retailer sells the products in a market with the unit sales price p during a single period, satisfying the product demand as to the own behavior strategy. (VI) The manufacturer decides either to monitor or not to monitor whether the retailer cooperated the recycling promotion activity or not. The manufacturer gives a compensation to the retailer for the retailer's collection incentive as to not only the own decision for monitoring, but also the retailer's action. (VII) The retailer pays a penalty to the manufacturer when the retailer does not cooperate the recycling promotion activity and the manufacturer monitors the retailer's action without cooperation of the promotion activity.
Behavior Strategies of Members in a RSC
This paper assumes that both a retailer and a manufacturer have two behavior strategies regarding the recycling promotion activity of the used products. This paper defines the recycling promotion activity of used products as both the collection promotion of the used products and the sales promotion of products reusing parts recycled from used products.
A retailer takes the following two behavior strategies: R 1 : cooperation in the recycling promotion activity R 2 : non-cooperation in the recycling promotion activity.
Meanwhile, a manufacturer takes the following two behavior strategies: M 1 : monitoring of the retailer's recycling promotion activity M 2 : non-monitoring of the retailer's recycling promotion activity This paper refers to the behavior strategy of each member as just
. Table 1 shows the effects of the behavior strategies of a retailer and a manufacturer in a RSC on the collection quantity of used products, product demand and their costs, based on the operational flows of a RSC mentioned above and in Figure 1 .
PROFITS OF A RETAILER AND A MANUFACTURER AS TO THEIR BEHAVIOR STRATEGIES IN A RSC
Profits of a retailer and a manufacturer in a RSC are formulated as to their behavior strategies. Table 2 shows a payoff matrix between a retailer and a manufacturer in a RSC as to their behavior strategies and adoption ratios of their behavior strategies.
indicates profits of a retailer and a manufacturer in behavior strategy (R 1 , M 1 ).
indicates profits of a retailer and a manufacturer in behavior strategy (R 1 , M 2 ).
indicates profits of a retailer and a manufacturer in behavior strategy (R 2 , M 1 ).
indicates profits of a retailer and a manufacturer in behavior strategy (R 2 , M 2 ).
Here, denote x as the adoption ratio of the retailer's population taking the behavior strategy R 1 , (1-x) as that the behavior strategy R 2 . Meanwhile, denote y as the adoption ratio of the manufacturer's population taking the behavior strategy M 1 , (1-y) as that the behavior strategy M 2 . In behavior strategies between a retailer and a manufacturer in a RSC, the retailer does not know which behavior strategy the manufacturer will take before the retailer takes the own behavior strategy and vice versa.
The objective of this paper is to obtain the asymptotic stability of an equilibrium strategy pair regarding x and y, referred to the evolutionary stable strategy (ESS). When ESS regarding x and y is obtained, the asymptotic 
stability of an equilibrium strategy pair regarding (1-x) and (1-y) can be calculated simultaneously.
• Profits of members in behavior strategy (R 1 , M 1 )
Based on Subsections 3.1 and 3.2 and Table 1 , the profit of a retailer in (R 1 , M 1 ),
consists of the collection incentive of used products from customers, the delivery cost of used products, the procurement cost of products, the sales of products, the sales promotion cost and the compensation income from a manufacturer. 
Based on Subsections 3.1 and 3.2 and Table 1 , the profit of a manufacturer in (R 1 , M 1 ),
consists of the costs regarding disassembly and inspection of used products, the remanufacturing cost of parts, the production cost of new parts, the disposal cost of un-recycled parts, the production cost of products, the wholesale of products, the compensation cost and the monitoring cost of the retailer's act. 
• Profits of members in behavior strategy (R 1 , M 2 )
Based on Subsections 3.1 and 3.2 and 
, R R M π consists of the collection incentive of used products from customers, the delivery cost of used products, the procurement cost of products, the sales of products, the sales promotion cost and the compensation income from a manufacturer. , M R M π consists of the costs regarding disassembly and inspection of used products, the remanufacturing cost of parts, the production cost of new parts, the disposal cost of un-recycled parts, the production cost of products, the wholesale of products and the compensation cost. 
• Profits of members in behavior strategy (R 2 , M 1 )
Based on Subsections 3.1 and 3.2 and Table 1 , the profit of a retailer in (R 2 , M 1 ),
consists of the collection incentive of used products from customers, the delivery cost of used products, the procurement cost of products, the sales of products, the compensation income from a manufacturer and the penalty cost to a manufacturer. 
Based on Subsections 3.1 and 3.2 and Table 1 , the profit of a manufacturer in (R 2 , M 1 ), 2 1
, M R M π consists of the costs regarding disassembly and inspection of used products, the remanufacturing cost of parts, the production cost of new parts, the disposal cost of un-recycled parts, the production cost of products, the wholesale of products, the compensation cost, the monitoring cost of the retailer's act and the penalty income from a retailer. 
• Profits of members in behavior strategy (R 2 , M 2 )
Based on Subsections 3.1 and 3.2 and Table 1 , the profit of a retailer in (R 2 , M 2 ), 2 2
, R R M π consists of the collection incentive of used products from customers, the delivery cost of used products, the procurement cost of products, the sales of products and the compensation income from a manufacturer. 
Based on Subsections 3.1 and 3.2 and , M R M π consists of the costs regarding disassembly and inspection of used products, the remanufacturing cost of parts, the production cost of new parts, the disposal cost of un-recycled parts, the production cost of products, the wholesale of products and the compensation cost. 
ANALYZING BEHAVIOR STRATEGIES APPLYING THE EVOLUTIONARY GAME THEORY
In behavior strategies between a retailer and a manufacturer in a RSC, the retailer does not know which behavior strategy the manufacturer will take before the retailer takes the own behavior strategy and vice versa. Also, members' behavior strategies in the RSC may change over time when members' situations, such as cost parameters and the quantities of their transactions, change. Under above situations, the evolutionary game theory can shed light on the evolutionary mechanism of a RSC in this paper, and can examine the trend of the evolutionary stability for members' behavior strategies in the RSC from a time-based perspective. This paper uses the evolutionary game theory to analyze behavior strategies of a retailer and a manufacturer in a RSC addressed in this paper, and verify the evolutionary stabilities of members in the RSC. The evolutionary game theory combines the evolutionary theory by Darwin with the game theory. Concretely, the evolutionary game theory combines the static feature of an evolutionary stable strategy (ESS) with the dynamic nature based on the replicator dynamic mechanism (Maynard-Smith, 1974; Taylor and Jonker, 1978; Zhou and Deng, 2006; Zhu and Dou, 2007; Yu et al., 2009; Barari, et al., 2012) . Using the replicator dynamics, the behavior strategies of one member of the retailer' population and one member of the manufacturer' population are analyzed by time unit (Zhou and Deng, 2006; Zhu and Dou, 2007; Yu et al., 2009; Barari, et al., 2012) .
As described in Section 4 and Table 2 , x is the adoption ratio of the retailer's population taking the behavior strategy R 1 , (1-x) is that taking the behavior strategy R 2 . Also, y is the adoption ratio of the manufacturer's population taking the behavior strategy M 1 , (1-y) is that tasking the behavior strategy M 2 . Under those situations, the expected profits for one retailer in retailer's population and one manufacturer in manufacturer's population are formulated by using (1 ) { } .
The expected profit of one retailer choosing the behavior strategy R 2 under the manufacturer's behavior strategies M 1 and M 2 is obtained as ) (1 ) { } .
From Eqs. (9) and (10) and Table 2 , by considering the adoption ratios of the retailer's population taking R 1 and R 2 , x and (1-x), the expected profit of retailer's population is obtained as
Meanwhile, the expected profit of one manufacturer choosing the behavior strategy M 1 under the retailer's behavior strategies R 1 and R 2 is obtained as
(1 ) ( )
. (12) The expected profit of one manufacturer choosing the behavior strategy M 2 under retailer's behavior strategies R 1 and R 2 is obtained as
From Eqs. (12) and (13) and Table 2 , by considering the adoption ratios of the manufacturer's population taking M 1 and M 2 , y and (1-y), the expected profit of manufacturer's population is obtained as
Using 
Eq. (15) 
. (16) Eq. (16) indicates the time variation of the behavior strategy M 1 in the manuafcturer's population.
The stable state of the replicator dynamics equation is the equilibrium of the non-linear system (Ellison and Fudenburg, 2000; Zhou and Deng, 2006; Zhu and Dou, 2007; Yu et al., 2009; Barari, et al., 2012) . When 
Here, the equilibrium (strategy pair) (x 5 , y 5 ) are fractional between 0 and 1, referred as to the inner points.
When an equilibrium of the replicator dynamics equation is an evolutionary equilibrium, which equals to the locally asymptotically, it is judged as the evolutionary stable strategy (ESS). The standard Jacobian Matrix (J) and Eqs. (15) and (16) are used in order to evaluate the asymptotic stability of an equilibrium strategy pair regarding x and y and obtain the ESS (Friedman, 1999; Ellison and Fudenburg, 2000; Zhou and Deng, 2006; Zhu and Dou, 2007; Yu et al., 2009; Barari, et al., 2012) . When the asymptotic stability of an equilibrium strategy pair regarding x and y can be obtained, the asymptotic stability of an equilibrium strategy pair regarding (1-x) and (1-y) can be calculated simultaneously. Therefore, the adoption ratio of the retailer's population taking the behavior strategy R 1 , x, and the adoption ratio of the retailer's population taking the behavior strategy R 2 , (1-x), can be obtained as the ESS. Similarly, the adoption ratio of the manufacturer's population taking the behavior strategy M 1 , y, the adoption ratio of the retailer's population taking the behavior strategy M 2 , (1-y) can be obtained as the ESS.
Five equilibriums in Eq. (17) are judged if they are the ESS, using the following procedures.
[
Step 1] Using Eqs. (15) and (16), obtain the Jacobian Matrix J as , pp.44-57, © 2015 ( ) ) ( 1 2 is an asymptotically stable and judged as an ESS.
[Step 5]
If both B and C for ( , ) ( 1, 2, , 5) j j x y j = are not 0, obtain the eigenvalue λ for ( , )( 1, 2, , 5) j j x y j = by solving the following eigen equation for ( , ) j j
Here, A, B, C and D can be obtained in Eqs. (19)- (22). If the eigenvalue λ < 0, the equilibrium (behavior strategy pair) ( , ) ( 1,2, , 5) j j x y j = is the asymptotically stable and judged as the ESS. If the eigenvalue λ > 0, ( , ) j j x y is not the ESS. If the eigenvalue λ = 0, it is impossible to eveluate whether ( , ) ( 1, 2, , 
is satisfied for ( , ) ( 1, 2, , 5), j j x y j = the eigenvalue λ is the complex number.
In this case, investigate the real part of the eigen-
is the asymptotically stable and judged as the ESS. If the eigenvalue (A+D) > 0, ( , ) j j x y is not the ESS. If (A+D) = 0, it is impossible to eveluate whether ( , ) ( 1, 2, j j x y j = , 5) is the ESS or not.
NUMERICAL ANALYSIS
The analysis numerically demonstrates how parameters, related to the recycling promotion activity in a RSC, affect the judgment of the evolutionary stable strategy (ESS) of the behavior strategies of a retailer and a manufacturer in a RSC by using analysis method of the evolutionary game theory proposed in Sections Step size to change the value of each of four parameters (i)-(iv) is set as 1 of the integer value. The reason why changing each of four parameters (i)-(iv) one by one is to bring clarity to the effect of each of parameters (i)-(iv) related to the recycling promotion activity in a RSC on the evaluation of the ESS for the behavior strategy of each member in the RSC.
All data sources sets used as the numerical examples are modifiable if needed. Figures 1-4 show the effects of parameters (i)-(iv) on the judgment of ESS for the behavior strategies of a retailer and a manufacturer in the RSC.
• Effect of Sales Promotional Cost c sp on ESS Figure 2 shows the effect of sales promotion cost c sp on the judgment of the ESSs by using Sections 4 and 5. In the range where c sp is low, (x, y) = (1, 0) is judged as the EES for the behavior strategies of a retailer and a manufacturer in a RSC. This result means that the retailer's population always tends to take the behavior strategy R 1 , meanwhile the manufacturer's population always tends to take the behavior strategy M 2 . From Section 3 and Table 1 , the more the retailer taking R 1 pays the sales promotion cost c sp , the more the product demand increases at the estimated rate of the product demand 2 .
α In the range where c sp is low, R 1 results in the increase of the retailer's product sales. The manufacturer can guess the retailer's population tends to take the behavior strategy R 1 when c sp is low regardless of the manufacturer's act, that is, regardless whether the retailer's act is monitored by the manufacturer or not. Therefore, the manufacturer's population tends to take the behavior strategy M 2 since the monitoring of the retailer's act is unneeded. Meanwhile, as c sp becomes higher, it verified that the judgment of the EES for the behavior strategies a retailer and a manufacturer in a RSC are modified from (x, y) = (1, 0) to (x, y) = (0, 1) by using Sections 4 and 5. This result means that the retailer's population always tends to take the behavior strategy R 2 , meanwhile the manufacturer's population always tend to take the behavior strategy M 1 . From Section 3 and Table 1 , in the range where c sp is high, R 2 works to be negative to take both the collection promotion of the used products and the sales promotion of the products reusing the recycled parts in order to avoid reducing the retailer's profit. The manufacturer can guess that the retailer's population tends to take the behavior strategy R 2 as c sp becomes higher regardless of the manufacturer's act. Therefore, the manufacturer's population tends to take the behavior strategy M 1 since the monitoring of the retailer's act is needed.
• Effect of Monitoring Cost c s on ESS Figure 3 shows the effect of monitoring cost c s on the judgment of the ESSs by using Sections 4 and 5. In the range where c s is low, (x, y) = (1, 1) is judged as the EES for the behavior strategies of a retailer and a manufacturer in a RSC. This result means that the retailer's population always tends to take the behavior strategy R 1 , meanwhile the manufacturer's population always tends to take the behavior strategy M 1 . From Section 3 and Table 1 , when the manufacturer monitors the retailer's act at the monitoring cost c s , the correct increasing rate of the product demand can be known. Besides, the more and the increment of the manufacturer's wholesales of products outgoes his/her total cost related to the part recycled from the used products.
Meanwhile, as c s becomes higher, it verified that the judgment of the EES for the behavior strategies of a retailer and a manufacturer in a RSC are modified from (x, y) = (1, 1) to (x, y) = (0, 0) by using Sections 4 and 5. This result means that the retailer's population always tends to take the behavior strategy R 2 , meanwhile the manufacturer's population always tends to take the behavior strategy M 2 . From Section 3 and Table 1 , in the range where c s is high, M 2 works to be negative to monitor the retailer's act regarding the collection promotion of the used products and the sales promotion of the products reusing the recycled parts in order to avoid reducing the manufacturer's profit. The retailer can guess that the manufacturer's population tends to take the behavior strategy M 2 as c s becomes higher regardless of the retailer's act. Therefore, the retailer's population tends to take the behavior strategy R 2 . This is because it is unnecessary for the retailer to pay the penalty cost to the manufacturer, although compensation income from the manufacturer in R 2 is lower than that in R 1 .
• Effect of Compensation R on ESS Figure 4 shows the effect of compensation R on the judgment of the ESSs by using Sections 4 and 5. In the range where R is low, the inner points (x 5 , y 5 ) obtained in equation (17) is judged as the EES for the behavior strategies of a retailer and a manufacturer in a RSC. When R is low, it is shown that the adoption ratio of retailer's population taking R 1 , x, tends to be higher than that taking R 2 , 1-x,, meanwhile the adoption ratio of manufacturer's population taking M 1 , y, tends to be lower Figure 4 . Effect of change of compensation R on judgment of ESS members' behavior strategies in a RSC.
than that taking M 2 , 1-y. It verifies that both members are modifying their own behavior strategies considering the profit balance between both members by using the equilibrium (x 5 , y 5 ) in equation (17) and analyzing the Jacobian Matrix J with the evolutionary dynamics in equations (18)- (22). Meanwhile, as R is higher, it verifies that the judgment of the EES for the behavior strategies in the RSC are modified to (x, y) = (1, 0) by using Sections 4 and 5. This result means that the retailer's population always tends to take the behavior strategy R 1 , meanwhile the manufacturer's population always tends to take the behavior strategy M 2 . From Section 3 and Table 1 , the more the retailer taking R 1 pays the sales promotion cost c sp , the more the compensation income from the manufacturer increases. The manufacturer can guess thar the retailer's population tends to take the behavior strategy R 1 when R is high regardless of the manufacturer's act. Therefore, the manufacturer's population tends to take the behavior strategy M 2 since the monitoring of the retailer's act is unneeded.
• Effect of Penalty Cost c p on ESS Figure 5 shows the effect of penalty cost c p on the judgment of the ESSs by using Sections 4 and 5. In the range where c p is low, (x, y) = (0, 0) is judged as the EES for the behavior strategies of a retailer and a manufacturer in a RSC. This result means that the retailer's population always tends to take the behavior strategy R 2 , meanwhile the manufacturer's population always tends to take the behavior strategy M 2 . From Eqs. (2) and (6), a manufacturer determines the own behavior strategy from the magnitude relation between the monitoring cost c s and the penalty income c p from a retailer. Meanwhile, from Eqs. (1) and (5), a retailer determines the own behavior strategy from the magnitude relation between the sales promotion cost c sp and the penalty cost c p to a manufacturer.
Meanwhile, as c p becomes higher, the judgment of the EES for the behavior strategies of members in the RSC Figure 5 . Effect of change of penalty cost c p on judgment of ESS members' behavior strategies in a RSC.
tends to be modified from (x, y) = (0, 0) to around (x, y) = (1, 0) by using Sections 4 and 5. This result means that the retailer's population always tends to take the behavior strategy R 1 , meanwhile the manufacturer's population always tends to take the behavior strategy M 2 . From Section 3 and Table 1 , the more the retailer taking R 1 pays the sales promotion cost c sp , not only the less the retailer who needs to pay the penalty to the manufacturer, but also the more the product demand increases at the estimated rate of the product demand 2 .
α In the range where c p is high, R 1 results in the increase of the retailer's product sales. The manufacturer can guess that the retailer's population tends to take the behavior strategy R 1 as R becomes higher regardless of the manufacturer's act. Therefore, the manufacturer's population tends to take the behavior strategy M 2 since the monitoring of the retailer's act is unneeded.
CONCLUSIONS
This paper discussed a reverse supply chain (RSC) which consisted of a retailer and a manufacturer as RSC members and verified analytically the behavior strategies of RSC members which might change over time in response to changes system parameters related to the recycling promotion activity in the RSC by using the evolutionary game theory based on the replicator dynamics mechanism. Concretely, a retailer chose two behavior strategies: cooperation or non-cooperation in the recycling promotion activity in a RSC. A manufacturer chose two behavior strategies: monitoring or nonmonitoring of the behavior of the retailer. This paper focused on the following parameters related to the recycling promotion activity in a RSC: (i) sale promotion cost, (ii) monitoring cost, (iii) compensation and (iv) penalty cost. The evolutionary game theory was adopted to analyze the evolutionary outcomes driven by changes in members' behaviors in a RSC over time. The evolutionary stable strategies (ESSs) for members' behaviors Analyzing the Evolutionary Stability for Behavior Strategies in Reverse Supply Chain Vol 14, No 1, March 2015 , pp.44-57, © 2015 in a RSC were derived by using the replicator dynamics mechanism. The analysis numerically investigated how four parameters (i)-(vi) affected the judgment of the ESSs for members' behavior strategies in the RSC. The different ESSs for members' behavior strategies in the RSC were analyzed by changing each of four parameters (i)-(iv) one by one in those parameters' feasible ranges for the operation of the RSC. From the research outcomes in this paper, members' behavior strategies in a RSC were provided analytically by using the evolutionary game theory, which combined the evolutionary theory by Darwin based on the replicator dynamics mechanism with the game theory. The analytical outcomes can help to verify members' behavior strategies in a RSC even if their behavior strategies in the RSC may change over time due to changes of members' situations in a RSC such as cost parameters and the quantities of their transactions. Also, the analytical results provided (1) the optimal setting of parameters related to the recycling promotion activity in a RSC such as (i) sale promotion cost, (ii) monitoring cost, (iii) compensation and (iv) penalty cost, (2) the practices to construct and operate a RSC profitably and (3) the informative motivations for researchers and policymakers to manage a RSC. This paper can show the following managerial insights from outcomes obtained from both the theoretical research and the numerical analysis to not only academic researchers, but also real-world policymakers regarding operations in a RSC: (1) Presentation of analytical results for a RSC by using the evolutionary game theory based on the replicator dynamics mechanism, referred to the evolutionary dynamics, and presentation of the evolutionary stable strategies (EESs) for behavior strategy of members in the RSC, (2) Presentation of analytical results for a RSC for the cooperation of the recycling promotion activity in a RSC by using the concepts of compensation and penalty between members in the RSC, (3) Presentation of analytical results for the effect of the recycling promotion activity in a RSC on the collection quantity of used products and the product demand, (4) Presentation of both elicitation process of formulations and analysis of the evolutionary dynamics by using costs and profits of members related to the recycling promotion activity in a RSC with mathematical expressions.
Thus, it is expected that research outcomes in this paper enable to link strongly to analysis of members' behavior strategies in a RSC and the RSC's operational management. Therefore, the contribution of this paper can provide not only informative motivations, but also one of the optimal solutions to construct a RSC profitably for researchers and policymakers regarding not only inventory management, but also supply chain coordination in a RSC, considering behavior strategies of members in a RSC.
As future researches, it will be necessary to extend the following topics into the evolutional stable analysis of a RSC in this paper: (i) the optimal decisions for the operation in a RSC with the evolutionary dynamics and (ii) analysis of the evolutionary dynamics with more than three either behavior strategies or members in a RSC.
